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1. EXECUTIVE SUMMARY

This document is the final technical report for work performed under Air Force
Office of Scientific Research (AFOSR) Grant F49620-96-1-0452. The title of the project
is “Development of Nonlinear Optical Materials for Optical Parametric Oscillator and Fre-
quency Conversion Applications in the Near- and Mid-Infrared” and the Principal Investi-
gators are Larry E. Halliburton, Nancy C. Giles, and Thomas Myers. The three PI’s are
faculty members in the Physics Department at West Virginia University. In this three-year
research prograrri. spectroscopic techniques were used to improve the quality of ZnGeP,,
CdGeAs,, and KTiOPO, crystals. These nonlinear optical materials are important compo-
nents of frequency agile laser systems operating in the near and mid-infrared regions of the
electromagnetic spectrum. One immediate application of these materials is in infrared
countermeasures for heat-seeking missiles. Another application involves the conversion of
intense 1.064-um infrared laser beams into 532-nm visible beams via second harmonic
generation. Point defects in these nonlinear optical crystals are known to limit the high-
power performance of the devices. Our research has focused on the identification, charac-
terization, and removal of the responsible point defects and we have worked closely with
our industrial partners, Sanders (a Lockheed Martin Company) in Nashua, NH and Crystal
Associates in East Hanover, NJ. The experimental techniques employed in this project
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have included electron paramagnetic resonance (EPR), electron-nuclear double resonance
(ENDOR), photoluminescence (PL), optical absorption, and Hall measurements.

The dissertations, theses, publications, and presentations which resulted from this
AFOSR project are listed below. Of particular note, Scott Setzler completed all of the re-
quirements for his Ph.D. in Physics in March of 1998 at West Virginia University and is
now employed as a permanent staff scientist by our industrial partner Lockheed Martin in
Nashua, NH. Dr. Setzler’s dissertation, written on results obtained while he was working
on this AFOSR project, describe important results on the origins of gray tracking in KTP
crystals. The training made possible by the present grant led directly to this employment
opportunity in the aerospace industry. A second student, Kevin Stevens, completed all of
the requirements for his Ph.D. in Physics in December of 1999. Dr. Stevens’ dissertation,
which focuses on point defects in mid-infrared chalcopyrites, was based on research per-
formed during this AFOSR project. He is remaining at West Virginia University as a post-
doctoral fellow through the year 2000.

DISSERTATIONS AND THESES:

K. T. Stevens, Ph.D. Dissertation, “Electfon-Nuclear Double Resonance Studies of Point
Defects in AgGaSe, and ZnGeP,,” December 1999, West Virginia University. Adviser: L. .
E. Halliburton. - '

S. D. Setzler, Ph.D. Dissertation, “Electron Paramagnetic Resonance Studies of Electron
and Hole Traps Related to Optical Damage in KTiOPO4,” March 1998, West Virginia
University. Adviser: L. E. Halliburton.

E. Csomortani. M.S. Thesis, “A Computational and Experimental Study of Fe3* and Cr3*
in KTiOPO,,” December 1997, West Virginia University. Adviser: L. E. Halliburton.

PUBLICATIONS:

1. “Electron Paramagnetic Resonance and Electron-Nuclear Double Resonance of Ti3*
Centers in KTiOPO,,” S. D. Setzler, G. J. Edwards, K. T. Stevens, L. E. Halliburton, M. P.
Scripsick, and N. C. Fernelius, submitted to Physical Review B.

2. “Electron Paramagnetic Resonance of Platinum Impurities in KTiOPO, Crystals,” N. Y.
Garces, K. T. Stevens, L. E. Halliburton, and D. Dawes, submitted to the Journal of
Applied Physics. ‘

3. “Photoluminescence and EPR of Phosphorus Vacancies in ZnGeP,,” M. Moldovan, K.




T. Stevens, L. E. Halliburton, P. G. Schunemann, T. M. Pollak, S. D. Setzler, and N. C.
Giles, to appear in the Proceedings of the Materials Research Society (Fall 1999 Meeting).

4. “Temperature Dependent Hall Measurements Made on CdGeAs,,” A. J. Ptak, S. Jain,
K. T. Stevens, T. H. Myers, P. G. Schunemann, S. D. Setzler, and T. M. Pollak, to appear
in the Proceedings of the Materials Research Society (Fall 1999 Meeting).

5. “Photoinduced Changes in the Charge States of Native Donors and Acceptors in
ZnGeP,,” K. T. Stevens, S. D. Setzler, P. G. Schunemann, T. M. Pollak, N. C. Giles, and
L. E. Halliburton, to appear in the Proceedings of the Materials Research Society (Fall

1999 Meeting).

6. “Characterization of Defect-Related Optical Absorption in ZnGeP,,” S. D. Setzler, P.
G. Schunemann, T. M. Pollak, M. C. Ohmer, J. T. Goldstein, F. K. Hopkins, K. T. Stevens,
L. E. Halliburton, and N. C. Giles, Journal of Applied Physics 86, 6677 (1999).

7. “Electron Paramagnetic Resonance of a Cation Antisite Defect in ZnGeP,,” S. D.
Setzler, N. C. Giles, L. E. Halliburton, P. G. Schunemann, and T. M. Pollak, Applied
Physics Letters 74, 1218 (1999).

8. “Role of Silicon Impurities in the Trapping of Holes in KTiOPO, Crystals,” K. T.
Stevens, S. D. Setzler, L. E. Halliburton, M. P. Scripsick, and J. Rottenberg, Journal of
Applied Physics 85, 1063 (1999).

9. “Native Defects in the Ternary Chalcopyrites,” N. C. Giles and L. E. Halliburton, MRS
Bulletin. Volume 23, No. 7, pp. 37-40, July, 1998.

10. “Electron-Nuclear Double Resonance Study of the Zinc Vacancy in Zinc Germanium
Phosphide (ZnGeP,),” K. T. Stevens, S. D. Setzler, L. E. Halliburton, N. C. Fernelius, P.
G. Schunemann, and T. M. Pollak, Materials Research Society Symposium Proceedings,
Volume 484, pp. 549-554 (1998).

11. “EPR and ENDOR Characterization of Nonlinear Optical Materials,” L. E. Hallibur-
ton, in Critical Reviews of Optical Science and Technology, edited by R. A. Lessard and
H. Franke. (SPIE, Bellingham, Washington), Vol. CR69, pp. 377-397, 1997.

12. “Electron Paramagnetic Resonance and Photoluminescence Studies of Point Defects in
Zinc Germanium Phosphide (ZnGeP,),” S. D. Setzler, L. E. Halliburton, N. C. Giles, P. G.
Schunemann, and T. M. Pollak, Materials Research Society Symposium Proceedings,
Volume 450, pp. 327-332 (1997).




PRESENTATIONS:

1. “Photoluminescence and EPR of Phosphorus Vacancies in ZnGeP,,” M. Moldovan, K.
T. Stevens, L. E. Halliburton, P. G. Schunemann, T. M. Pollak, S. D. Setzler, and N. C.
Giles, contributed poster, Materials Research Society 1999 Fall Meeting, Boston.

2. “Temperature Dependent Hall Measurements Made on CdGeAs,,” A. J. Ptak, S. Jain,
K. T. Stevens, T. H. Myers, P. G. Schunemann, S. D. Setzler, and T. M. Pollak, contrib-
uted poster, Materials Research Society 1999 Fall Meeting, Boston.

3. “Photoinduced Changes in the Charge States of Native Donors and Acceptors in
ZnGeP,,” K. T. Stevens, S. D. Setzler, P. G. Schunemann, T. M. Pollak, N. C. Giles, and
L. E. Halliburton, 15-minute contributed talk, Materials Research Society 1999 Fall

Meeting, Boston.

4. “Identification of Defects in ZnGeP, Using EPR and ENDOR,” L. E. Halliburton and
N. C. Giles, 30-minute invited talk, Nonlinear Optical Materials Workshop, Defence
Evaluation and Research Agency (DERA), Malvern, United Kingdom, September 21,
1999. '

5. “Defect Identification in ZnGeP, via EPR and ENDOR,” L. E. Halliburton and N. C.
Giles, one-hour presentation, Infrared Nonlinear Optical Semiconductor Workshop, Air
Force Research Laboratory, Materials Directorate, Wright-Patterson AFB, Dayton, OH,
August 26, 1999.

6. “Characterization of Native Donors and Acceptors in ZnGeP, Using EPRand ENDOR,”
L. E. Halliburton, one-hour invited seminar, Case Western Reserve University, Cleveland,
OH. October 12, 1998.

7. “Role of Silicon Impurities in the Trapping of Holes in KTiOPO, Crystals,” K. T.
Stevens. S. D. Setzler, L. E. Halliburton, M. P. Scripsick, and J. Rottenberg, 15-minute
contributed talk, Eastern Regional Conference on Crystal Growth and Epitaxy, American
Association for Crystal Growth, Atlantic City, NJ, September 29, 1998.

8. “Characterization of Point Defects in ZnGeP, and KTP,” L. E. Halliburton, 30-minute
invited talk, Workshop on Nonlinear Optical Materials, Defence Evaluation and Research
Agency (DERA), Malvern, United Kingdom, September 21 and 22, 1998.

9. “ENDOR Characterization of the Zinc Vacancy in Zinc Germanium Diphosphide,” K.
T. Stevens, S. D. Setzler, L. E. Halliburton, N. C. Fernelius, P. G. Schunemann, and T. M.




Pollak. 15-minute contributed poster, Materials Research Society 1997 Fall Meeting,
Boston, MA, December 2, 1997. '

10. “Current Status of Research on Nonlinear Optical Materials at West Virginia Univer-
sity,” L. E. Halliburton, 30-minute invited talk, Air Force Nonlinear Optics Workshop,
Fisk University, Nashville, TN, September 22, 1997. Organized by Mel Ohmer.

11. “EPR and ENDOR Characterization of Nonlinear Optical Materials,” L. E. Hallibur-
ton, 45-minute invited talk, Annual Meeting of SPIE, The International Society for Optical
Engineering, San Diego, CA, July 29, 1997.

12. “Electron Paramagnetic Resonance Studies of Point Defects in Zinc Germanium Phos-
phide (ZnGeP,),” S. D. Setzler, L. E. Halliburton, N. C. Giles, P. G. Schunemann, and T.
M. Pollak, 15-minute contributed talk, Materials Research Society 1996 F all Meeting,
Boston. MA, December 4, 1996.

13. “Defects Related to Gray Tracks in KTP,” L. E. Halliburton, 30-minute invited talk,
Annual Affiliates Meeting of the Center for Nonlinear Optical Materials, Stanford Univer-
sity, Palo Alto, CA, September 18, 1996.

II. RESULTS OF POINT DEFECT STUDIES IN ZnGeP,
AND CdGeAs, CRYSTALS

In recent years, considerable progress has been made in the growth of high-quality
zinc germanium phosphide (ZnGeP,) crystals for use in frequency conversion applications
in the mid-infrared. A suitable birefringence. a large nonlinear optical coefficient, and
good thermal conductivity make this material an excellent choice for optical parametric
oscillators (OPOs) tunable in the 3 to 9 um region. However, before ZnGeP, can achieve
its full potential, a broad defect-related absorption band extending from 0.7 to 2.5 pm must
be eliminated. This unwanted absorption band overlaps the desirable 2-um pump region
for mid-infrared OPQOs and thus limits the maximum pump intensity that can be used in
these devices. Several post-growth methods to reduce this absorption have been investi-
gated. including lengthy thermal anneal, high-energy electron irradiation,! and gamma-ray
irradiation.2 These treatments, although helpful, have not eliminated the absorption prob-
lem in ZnGeP,.

Nearly all of the ZnGeP, crystals described in the literature have been highly com-
pensated, thus indicating nearly equal concentrations of donors and acceptors. There are

two competing explanations for the nature of these donors and acceptors. One approach is




to assume these defects arise from disorder on the zinc and germanium sublattices, i.e., a
zinc antisite defect would be an acceptor and a germanium antisite would be a donor. An
alternate approach is to assume that the donors and acceptors are vacancy centers. Mag-
netic resonance techniques such as EPR, ENDOR, and ODMR make use of hyperfine in-
teractions to identify specific defect models and thus can help to determine whether cation
disorder or vacancies dominate in ZnGeP,. Thus far, the zinc vacancy (Vz,), the phos-
- phorus vacancy (Vp), the germanium-on-zinc antisite (Ge, ), and the phosphorus antisite
(PL) have been detected by EPR .36

A. EPR AND PL STUDIES

EPR shows the presence of two dominant native defects, a zinc vacancy and a
phosphorus vacancy, in all of the ZnGeP, samples grown by the horizontal gradient freeze
technique. The singly ionized zinc vacancy acceptor (Vz,) is paramagnetic (S = ') and is
easily seen without photoexcitation at temperatures below 50 K.3 The unpaired spin is
shared nearly equally by two phosphorus nuclei (I = %2, 100% abundant), which gives rise
to triplets (1:2:1 line intensity ratios) in the EPR spectra. ENDOR has provided informa-
tion about the lattice distortion surrounding this defect,” and has led to its assignment as
Vg, This defect is present with slightly varying concentrations (on the order of 10181020 .
cm™3) in all samples studied.

Several additional intrinsic defects in ZnGeP, can be observed during photoexci-
tation. Laser excitation changes the valence of donors and acceptors, thus converting non-
paramagnetic defects into paramagnetic forms. For example, phosphorus vacancies in
ZnGeP, are present as singly ionized donors ( Vy'), but it is their neutral state (V2) which
is paramagnetic.4 These latter centers are observed by illuminating the samples with
above-band-gap (514.5 nm) or below-band-gap (632.8 nm) light at temperatures below 10
K. Even at these low temperatures, the neutral state is not stable and decays back to the
singly ionized form in a matter of seconds or less. The EPR spectrum from the neutral
phosphorus vacancy shows no hyperfine structure, indicating the unpaired spin does not
strongly interact with phosphorus neighbors. This defect is usually observed at concentra-

tions comparable to that of the zinc vacancies.

Another native paramagnetic defect, the phosphorus antisite, is not usually seen in
ZnGeP, samples grown by the horizontal gradient freeze technique. However a recently
grown sample did reveal a significant concentration of this donor. Kaufmann et al.? ini-

tially reported the presence of Pq, centers during photoexcitation at low temperatures.




The EPR spectrum of this center exhibits a large hyperfine splitting (about 750 G) with the
central phosphorus nucleus and smaller ligand hyperfine interactions with the four nearest
phosphorus neighbors. We can observe this spectrum at temperatures as high as 40 K, at
which point the neutral charge state of the donor becomes unstable and converts back to its
singly ionized form. This phosphorus antisite spectrum has only been present in one of the
samples grown at Sanders, and for this reason it is not expected to play a major role in ex-
plaining the origin of the near- -edge absorption in ZnGeP,.

The optical absorption extending from 0.7 to 2. 5 um in ZnGeP, is commonly as-
sumed to be due to point defects. Figure 1 shows this near-edge optical absorption from
four different ZnGeP, samples. Also, EPR data from two of the samples are included in
the figure. The EPR spectra shown are from singly ionized zinc vacancies ( V), and their
relative intensities correlate well with the observed optical absorption. These results
strongly suggest that the zinc vacancy acceptors play a direct role in the optical absorption
phenomenon. Although not shown, large concentrations of phosphorus vacancy donors
were also present in these samples. We conclude that the optical absorption is most likely
due to several overlapping bands arising from an acceptor-to-donor transition and band-to-
defect transitions. Support for this view comes from PL studies.

Optical Absorption EPR

Absorption Cosfficient (cm-1)

0.6 10 14 18 22 28 3.0

Waveiength (Microns)

Figure 1. Correlation of near-edge optical absorption and zinc vacancy concentration as
measured by EPR.




Results of photoluminescence experiments help to further connect these defects
seen by EPR to the near infrared absorption. While PL spectra in ZnGeP, are often com-
plex,3 measurements taken on our samples indicate only two dominant emission bands at
low temperature. Figure 2(a) shows PL spectra taken at 4.8 K with a polarizer placed par-
allel and perpendicular to the crystal ¢ axis. These spectra have been corrected for the
polarization response of the detection system. Subtracting one polarization from the other
-~ allowed us to decompose the spectrum into two overlapping bands. One band is partially
polarized along the ¢ axis of the crystal (the 1.42 eV band in Fig. 2(b)) and the other band
is unpolarized (the 1.62 eV band in Fig. 2(c)). A possible explanation for the two bands is
two distinct donor-acceptor-pair (DAP) recombinations. Such a model is not considered

LUMINESCENCE (arb. units)

T=48K
514.5 nm excitation

(ELc)

(E ¢

(a)

{polarized i c-axis)

1.42 oV

. I1.szov‘ (c)
(unpolarized)
1
0.90 1.10 1.30 1.50 1.70
ENERGY (eV)

1.90

Figure 2. Photoluminescence of
ZnGeP, measured at 4.8 K. (a)
Spectra measured with emitted
light polarized perpendicular and
parallel to the crystal’s ¢ axis.
These spectra are separated into a

_ polarized part (b) and an

unpolarized part (c).




likely since EPR data, thus far, have revealed the existence of only one dominant donor
(VQ) and one dominant acceptor (Vz, ) in our samples. It is more likely that one of the
observed bands is DAP (i.e., the 1.42-eV band) and the other is a band-to-impurity transi-
tion, i.e., an (e,A) or (D,h) transition. Since the PL spectra shown in Fig. 2(a) are also ob-
served with below-band-gap light (632.8 nm), we suggest that the 1.62-eV emission is
donor-hole (D,h) recombination. We find that the emission and optical absorption exhibit
the same polarization behavior and, furthermore, our PL polarization study is at variance

with the report of McCrae et al.”

From our EPR and PL results, we construct an energy-level diagram in Fig. 3 using
a single-donor/single-acceptor model where Vg, and Vj are the dominant acceptor and
donor defects. We have earlier suggested that a significant DAP emission occurs near 1.4
eV at liquid-helium temperature, and this is illustrated in the figure. Donor-hole transi-
tions. previously assigned to an emission near 1.6 eV, are also illustrated in the figure. The
optical absorption, which limits device performance, peaks near 1 pm (1.2 €V) at room
temperature, as shown in Fig. 1. A portion of this optical absorption can be attributed to
the transitions from the acceptors to the donors. The room temperature absorption and the
low temperature emission peaks do not directly coincide, but this is explained in large part
by a ~0.1 eV change in band gap with temperature. Additional transitions from the va- -
lence band to the donors and from acceptors to the conduction band may be contributing to
the high-energy side of the observed broad optical absorption. Likewise, transitions from
valence band states to neutral acceptors may give rise to absorption in the region beyond 2

pm.

42T conduction band

Donor (Vp)

(D, h) (DAP) ~2.1eV
~1.6eV ~14¢eV

valerice band *

A e B A

Figure 3. Energy-level diagram based on two dominant native defects.




A preliminary investigation of the time-decay behavior of the PL bands has been
completed. Figure 4 shows the data obtained by monitoring the DAP emission at 1.42 eV
after an 8-ns, 532-nm excitation pulse. Because of the low intensity of the emitted light,
1000 decays were accumulated. The decay occurs over a time window extending out to
approximately 20 ps and can not be fit by a single exponential. These results support our
previous assignment of this emission of DAP recombination in an indirect-gap semicon-
ductor. We also measured the decay of the PL occurring at 1.62 eV and found a similar

dependence on time.

* PL Intensity (arb. units)

0 N ! i 1 i !

1

Figure 4. Time decay of the DAP =
. emission at 1.42 eV.

0 5 10 15

Time (microseconds)

20

EPR, ENDOR, PL, and time-resolved PL are well suited to study defects in
ZnGeP,. Their usefulness, however, is not restricted to studying native defects. Substitu-
tional manganese was reported by Baran et al.,10 and we have recently "rediscovered" this
defect in material grown by the horizontal gradient freeze technique. A careful analysis of
the Mn2* EPR spectrum, shown in Fig. 5, yields spin-Hamiltonian parameters similar to

Manganese (Mn®’) In ZnGeP,

2800 3000 3100 3200 3300 3400 3500 3600 3700 3800

Magnetic Field (Gauss)

10

Figure 5. EPR spectrum of Mn?*
in ZnGeP,.




those reported by Baran, et al. The defectisan S = 5/2 system interacting with an I = 5/2
nucleus (100% abundant). A small crystal field, due to the crystal's tetragonal symmetry,
splits the spectrum into five sets of six lines. The three larger lines in the center of the
spectrum in Fig. 5 are due to the zinc vacancy. The only sample this manganese spectrum
has been seen in was the one in which the antisite PJ, was also observed. This piece was
cut from the end of a boule, indicating a possible variation in stoichiometry, and photolu-

minescence studies have not yet been performed on this sample.

B. ENDOR FROM THE ZINC VACANCY IN ZnGeP,

The dominant singly ionized acceptor in ZnGeP, is paramagnetic (S = 2) and is
easily seen without photoexcitation at temperatures below 50 K.3 Its c-axis EPR spectrum
is shown in Fig. 6. The unpaired spin is shared equally by two phosphorus nuclei (I = 1/2,
100% abundant), and this gives rise to triplets (1:2:1 line intensity ratios) in the EPR spec-
tra. As previously described by Rakowsky et al.,3 the angular dependence of the EPR
spectrum can be explained in terms of four crystallographically equivalent orientations of
the defect. One of these sites is illustrated on the left in Fig. 7, where the two phosphorus
ions labeled P, are central to the defect. The principal values of the g matrix are 2.002,
2.021. and 2.074 and the corresponding principal axes for the particular site in Fig. 7 are
the [011], [100], and [011] directions, respectively.3 ‘ '

T=25K
H || c axis

1 " 1 L I

3200 3300 3400
MAGNETIC FIELD (Gauss)

Figure 6. EPR spectrum of the dominant acceptor in ZnGeP,.
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Figure 7. Zinc-vacancy
model for the dominant
acceptor in ZnGeP,. The
P, phosphorus ions sharing
the unpaired spin are shown
on the left. The hyperfine
principal axes for these two
nuclei are on the right.

An ENDOR study of the resolved hyperfine interactions (i.e., with the two primary
phosphorus nuclei) has been previously reported by our laboratory.” This work revealed
that the acceptor has significant lattice distortion, and it was argued that this provided
strong evidence in favor of the zinc-vacancy model for the dominant acceptor in ZnGeP,. -
In Fig. 7, the pérameter ¢ represents the angle between the interphosphorus axis (heavy
dashed line) and the basal plane of the crystal, i.e., the (001) plane. The initial ENDOR
analysis’ gave a value of 37.8° for this angle, which is considerably different from the
value of 44.5° for the undistorted lattice. Such a large lattice distortion would not be
expected for a Zng, center because of its regular tetrahedral bonding.

It was recently suggested,!! and it now has been verified in the present investiga-
tion, that the sample was slightly out of the c-a plane when the ENDOR angular data
reported in Figure 3 of Reference 7 was taken. An analysis of in-plane ENDOR data (both
from the c-a plane and the a-a plane) shows that the two EPR-resolved phosphorus hyper-
fine interactions, are equivalent, within experimental error. Our previous study had
concluded that the unique principal values (A, and A,y ) for these two primary phos-
phorus interactions differed by about 2.4%. The revised values for the spin-Hamiltonian
parameters are given in Table I. These more recent results do not affect the earlier argu-
ments made in favor of the zinc-vacancy model, however, since the parameter ¢ changes
only slightly from 37.8° to 37.9°.

12




In the present project, we have extended the ENDOR technique to study additional
phosphorus hyperfine interactions not resolved in the EPR spectra. These weaker interac-
tions have ENDOR lines below 20 MHz, while the stronger hyperfine from the primary P,

~ pair of phosphorus nuclei had ENDOR lines between 40 and 75 MHz. Figure 8 shows the
lower frequency ENDOR spectrum when the magnetic field is parallel to the c axis. This.

T=13K
H || c axis

—*

Pc

Pg

1 A L A ] " 1

5 10 15 - 20
ENDOR Frequency (MHz)

Figure 8. Low-frequency ENDOR spectrum for the acceptor.

spectrum contains many lines, which indicates that the wave function for the acceptor
overlaps a large number of neighboring nuclei. In the remainder of this section, attention
is focused on the two lines located near 17 MHz and 14 MHz in Fig. 8. For convenience,
they are labeled the P, pair and the P pair of phosphorus nuclei, respectively. Because
each of these ENDOR lines has a sufficiently large hyperfine parameter A, they and their
companion lines are separated by 2vy and centered on A/2. In our ENDOR experiments,
the free nuclear-resonance frequency for phosphorus (vy) was approximately 5.74 MHz.
This places the two companion lines near 2.5 MHz and 5.5 MHz, but these are regions
where the spectrometer has less sensitivity and where large numbers of ENDOR lines
overlap. Lower frequency companion lines have been observed for the 17 and 14 MHz
lines when the magnetic field is parallel to the ¢ axis, thus demonstrating that the responsi-
ble nuclei are phosphorus, but it proved impossible to follow the angular dependence of
these low-frequency companions. The angular dependences of the 17 MHz and the 14
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MHz ENDOR lines were easy to follow, however. Figure 9 shows the observed angular
variation associated with the 17 MHz interaction (P pair) as the magnetic field is rotated

0l15‘30.45 60.75l90
ANGLE (degrees)

Figure 9. Angular dependence of the ENDOR spectrum for the Pg pair of
phosphorus nuclei. Data points are experimental while the solid lines are
calculated using the parameters in Table I. Rotation i is from the ¢ axis (0°) to
the a axis (90°).

from the ¢ axis to the a axis. Similar angular data is shown in Fig. 10 for the 14 MHz in-
teraction (P pair). Data for both interactions also were taken with the magnetic field
along the [110] direction. '

The experimental data in Figs. 9 and 10 have been fit to the following spin-Hamil-
tonian with S = 1/2 and I = 1/2.

H=BS-g*B + S-A-1 - gByB-I (1)

The first term is the electron Zeeman, the second term is the hyperfine interaction with one
phosphorus, and the third term is the phosphorus nuclear Zeeman. Values for the g matrix
were taken from Reference 3. A least-squares fitting program repeatedly diagonalized the
4 x 4 Hamiltonian matrix to obtain the set of parameters which best fit the experimental
data. These results are presented in Table I. Five parameters were included in the fitting
procedure for each of the two pairs of phosphorus nuclei. Figure 11 shows the location of
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Figure 10. Angular dependence of the ENDOR spectrum for the P, pair of
phosphorus nuclei. Closed circles are experimental while the solid lines are
calculated using the parameters in Table I. Rotation is from the ¢ axis (0°) to the a

axis (90°).
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Figure 11. Zinc-vacancy model for the dominant acceptor in ZnGeP,

showing the P,, Pg, and P pairs of phosphorus nuclei. The zinc vacancy is in
the rear center "cube," while the left and right front "cubes" have germanium

ions at their centers.
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| Figure 12. Hyperfine principal axes directions for the Py and P pairs of
phosphorus nuclei.

the phosphorus ions we have assigned to the Py and P pairs. There are three connected
"cubes” illustrated in Fig. 11; the left and right "cubes” in the front are GeP, units while
the back "cube" in the center contains the zinc vacancy. The P, pair is located between the
P, and P_ pairs. The P, and P, pairs are adjacent to the zinc vacancy, but on opposite
sides. The Py pair is not adjacent to the vacancy. Figure 12 represents the (011) plane,
containing the P, and P, pairs of phosphorus nuclei, and describes the principal axes direc-
tions. We have assigned the P pair of phosphorus to be adjacent to the vacancy because
they appear to have significant lattice distortion (a value of 34.3° for ¢ compared to 44.5°
for the unperturbed lattice). This is similar to the result for the P, pair and is expected for
all nuclei neighboring the vacancy. In contrast, the value of ¢ for the remaining pair is
46.6°, which suggests only a small amount of lattice distortion. Thus, the Py pair is as-
signed to nuclei away from the vacancy.

The zinc-vacancy model continues to be the most likely choice for the dominant
acceptor in ZnGeP,. ENDOR results have been obtained from a second and third pair of
phosphorus nuclei (labeled Py and P pairs) whose hyperfine is not resolved in the EPR
spectra. The P, pair shows significant lattice distortion and the Py pair does not, although
they have similar hyperfine interactions with the unpaired spin, i.e., their principal values

are comparable. This is understandable if the P pair is adjacent to the zinc vacancy and
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the P, pair is more distant from the vacancy, e.g., part of the neighboring GeP units. It is
difficult to obtain absolute evidence on which to assign the acceptor to a specific model,
but thus far the singly ionized zinc vacancy (Vz,) is consistent with all data. Future
studies must characterize the remaining weak phosphorus ENDOR lines and search for

possible zinc and germanium ENDOR lines.

Table I. Spin-Hamiltonian parameters. Values are presented for the primary (P, pair) and
the first (Pp pair) and second (P pair) weak phosphorus hyperfine interactions. The angle
¢ is measured from the internuclear axis to the basal plane and the angle 6 is defined in
Figs. 7 and 12.

Nuclei Ay (MHz) | Ay(MHz) | A, (MHz) 6 )

P, pair 95.5 99.3 143.5 31.4° 37.9°
Pg pair 16.9 17.5 30.0 30.7° 46.6°
P. pair 12.3 12.6 27.0 28.6° 34.3°

C. CHARACTERIZATION OF A CATION ANTISITE DEFECT IN ZnGeP,

The observation3 of high concentrations (1018 t0 1020 cm'3) of V, centers and
Vg centers in many ZnGeP, crystals supports the nonstoichiometric vacancy-based
scheme for acceptors and donors. The alternative cation disorder scheme involving large
concentrations of antisite GeZn donors and ZnG . acceptors has, thus far, not been directly
supported by experiment. In principle, however, both vacancies and cation antisite defects
can coexist in ZnGeP, crystals, and we expect that specific growth conditions may in-
crease the possibility of forming a subset of the antisite defects. In the present section, we
describe a photoinduced EPR spectrum from a new donor in ZnGeP, and suggest that the
most likely model for this defect is a germanium ion on a zinc site. We observed this de-
fect in all of the crystals available to us, and its concentration was usually about 10% of the

singly ionized zinc vacancy concentration.

The ZnGeP, crystals used in this study were grown at Sanders (a Lockheed Martin
Company) by the horizontal-gradient freeze technique. 12 After growth, these crystals were
thermally annealed at 550°C for 300 hours while surrounded by ZnP, powder. This ther-
mal treatment reduces the unwanted optical absorption peaking near 1 pm. Dimensions of
the EPR samples were approximately 5 x 3 x 2 mm? along the [100], [010], and [001] di-
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rections, respectively. A Bruker ESP 300 spectrometer operating at 9.45 GHz was used to
obtain the EPR data. An Oxford Instruments ESR-900 helium gas flow system maintained
the sample temperature at selected values between 8 and 50 K. Slots in the end of the
TE,(, microwave cavity provided optical access to the sample. The photoexcitation
source was a helium-neon laser (632.8 nm) operating cw with a power of 5 mW incident
on the cavity. This excitation wavelength is slightly below the band edge of ZnGeP,,
which is near 600 nm at liquid helium temperatures.

A dominant paramagnetic acceptor is present in all of our ZnGeP, crystals. Its
EPR spectrum is shown in Fig. 13(a), where the data were taken at 35 K in the "light-off"
condition with the magnetic field parallel to the ¢ axis. For this orientation of magnetic
field, the spectrum consists of a triplet of lines (1:2:1 intensity ratio) due to hyperfine in-
teractions with two equivalent phosphorus nuclei. The separation between adjacent lines is
approximately 40 gauss. It has been previously suggested that the model?713 for this

defect is a singly ionized zinc vacancy, i.e., a VZn acceptor.

Iluminating the ZnGeP, crystals with laser light while at temperatures below 50 K
introduces a new EPR spectrum. The outer portions of this photoinduced spectrum appear
in the low and high field regions of Fig. 13(b). The central portion of the new spectrum,
‘however, can not be directly observed because of interference from the V. = acceptor -
(described in the preceding paragraph). The data in Fig. 13(b) were taken at 35 K in the
"light-on" condition with the magnetic field parallel to the ¢ axis. The dominating triplet
set of lines from the V, center has increased in intensity when the crystal was exposed to
the laser light, as illustrated in Fig. 13(b), and we attribute this increase to the temporary
conversion of doubly ionized zinc vacancies (V, ~ centers) to the singly ionized state
(V,, centers). An alternative explanation, which we consider to be less likely for this in-
crease of Vgn centers, is the temporary conversion of neutral zinc vacancies (Vgn centers)
to the singly ionized state ( Vgn centers) as a result of optically pumping electrons from a
shallower ionized acceptor. It was possible to obtain a complete view of the new photoin-
duced EPR spectrum by generating a "difference” spectrum, i.e., by first adjusting the
intensity of the Vgn signal in Fig. 13(a) to be equal to the intensity of the VZ_n signal in
Fig. 13(b) and then subtracting the adjusted "light off" spectrum from the "light on" spec-
trum. The resulting spectrum is shown in Fig. 13(c). The signal from the V, acceptor
has been effectively eliminated and the new photoinduced EPR spectrum is shown in its
entirety. A small photoinduced signal near 3250 G in Fig. 13(c) is due to neutral phospho-
rus vacancies.? The number of phosphorus vacancies in this sample is similar (within a'

factor of three) to the number of zinc vacancies, but the signal from the Vg centers is
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Figure 13. EPR spectra from ZnGeP, taken at 35 K with the magnetic field parallel to the
c axis. Trace (a) is the "light-off" spectrum and trace (b) is the "light-on" spectrum. The
spectrometer settings were the same for traces (a) and (b). Trace (c) shows a underlying
widely split EPR signal, multiplied by a factor of 10, after the sharper central three-line
spectrum has been removed by subtracting a "normalized” trace (a) from trace (b).

small in Fig. 13(c) because of the short lifetime of these neutral centers at 35 K (i.e., they
decay at a sufficiently fast rate that the low-power excitation laser cannot establish a large
steady-state concentration). The Vg centers are best observed at temperatures below 10

K, where their lifetimes are significantly longer.

The new photoinduced spectrum consists of a triplet set of lines (1:2:1 intensity ra-
tio) with an isotropic g value of 2.0026. Adjacent components of the spectrum are split by
189 G when the magnetic field is parallel to the ¢ axis. This splitting changes to 179 G
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when the magnetic field is parallel to the a axis of the crystal. A reasonable explanation
for the triplet pattern in this new EPR spectrum is equivalent (or nearly equivalent) hyper-
fine interactions with two 31p nuclei (I = 1/2, 100% abundant). The appropriate S = 1/2

spin-Hamiltonian is then

H = gB(ScBx + S,By + S,B,)
+ A“Szllz + AJ_(lelx + SyIIy)
+ A||SzI2z + A (Sylx + SyIZy) ()

where A[| =189 G and A, = 179 G. These hyperfine parameters can be rewritten in terms
of an isotropic parameter a and an anisotropic parameter b by using Aj=a- 2band A =a
+b. This gives a= 182 G and b = 3.3 G. The width of the individual lines in the spectrum
is approximately 70 G and does not vary with magnetic field direction. We found that the
EPR spectrum is best observed when the sample temperature is near 35 K and the excita-
tion wavelength is close to the band edge. The 632.8-nm wavelength of the helium-neon
laser worked well as an excitation source, while a cw 1064-nm Nd:YAG laser (100 mW)
produced only a barely observable EPR spectrum. At 35 K, removing the exciting light
from the sample caused the spectrum to decay to an unobservable concentration in about

10 minutes.

We now turn to a discussion of the identity of the defect responsible for the new
photoinduced EPR spectrum in ZnGeP,. A lack of significant angular dependence in this
tetragonal-symmetry lattice argues against a transition-metal-ion assignment. Thus atten-
tion is focused on native defects. In general, there are three vacancy and six antisite candi-
dates. if interstitials and complexes of defects are not considered. The observation of
resolved hyperfine from two nearly equivalent phosphorus ions strongly suggests that the
defect is centered on a cation site. This restricts our consideration to the two cation vacan-
cies (V5 and Vg,) and the two cation antisites (Ge, and Zng, ). The zinc vacancy has
already been assigned to another EPR spectrum,3’7’]3 and germanium vacancies are un-
likely since our ZnGeP, crystals are believed to have excess germanium. [Note: This ex-
cess of germanium results from the higher volatility of zinc and phosphorus during crystal
growth.] The zinc-on-a-germanium center (Zng, ) also would be less likely in a germa-
nium-rich environment. This leads us to conclude that the germanium-on-a-zinc center
(Ge,,) is the most likely candidate for the new photoinduced EPR spectrum.

The Ge,, defect is a donor and is paramagnetic (S = 1/2) in its singly ionized
state, i.e., a Gezn center. This antisite defect is doubly ionized (a Ge; center) in the
"light-off" condition and is converted to the singly ionized state in the "light-on" condition.
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We have suggested earlier in this section that doubly ionized zinc vacancies (V= centers)
are the source of the electrons which transiently convert the doubly ionized antisite center
to its singly jonized state. This is illustrated in Fig. 13, where the intensity of the central
three-line EPR spectrum (assigned to the V, centers) was found to increase during illu-
mination. Using the data in Fig. 13, a comparison of spin concentrations shows that the
" number of Ge}n centers formed by the light in Fig. 13(b) is equal (within experimental
error) to the number of additional V, centers formed by the light. On the basis of these
data, we suggest that the concentration of germanium-on-zinc antisite defects is approxi-
mately 30 to 33% of the concentration of zinc-vacancy defects in this particular ZnGeP,
sample. We note that this sample had the largest Ge‘En EPR signal of any ZnGeP, crystals
we examined, while the more typical situation was to have a concentration of germanium-
on-zinc antisite defects which was approximately 10% of the concentration of zinc-va-

cancy centers.

A simple analysis of the phosphorus hyperfine parameters for the Ge}n center
suggests that approximately 15% of the unpaired spin is on the two primary phosphorus
ions. This value was obtained by comparing our experimental hyperfine results (a = 182 G
and b = 3.3 G) to theoretical estimates (a = 3977 G and b = 111 G) corresponding to the
unpaired spin being in either a valence s or p orbital at a phosphorus free atom.!4 We rec- -
ognize that our experimental value for b is inexact, since a detailed angular dependence of
the EPR signal was not acquired, and the 15% value quoted may change slightly as more
data become available. Nevertheless, it is clear that the majority of the unpaired spin is
localized on ions other than the two primary phosphorus. Our proposed model is consis-
tent with this observation since it would place much of the unpaired spin on the central
germanium ion. Detection of resolved hyperfine lines from the 73Ge nucleus (I = 9/2,
7.8% abundant) is not expected because of the 70-G linewidth of the EPR signal and the

isotope's low abundance.

In conclusion, we have observed a new photoinduced EPR spectrum in ZnGeP,.
Two factors, a significant hyperfine interaction with two adjacent phosphorus nuclei and
the germanium-rich nature of our ZnGeP, crystals, lead us to assign the new spectrum to
the singly ionized state of the germanium-on-a-zinc antisite (i.e., the Ge’in center). The
Gezn centers are temporarily formed when an electron is transferred from V, - centers to
Ge;: centers. We note that this is the first report of EPR from cation antisite defects in
ZnGeP,. Additional studies, including electron-nuclear double resonance (ENDOR) ex-
periments, are needed to further verify the assignment made in the present study.
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D. HALL MEASUREMENTS ON CdGeAs,

CdGeAs, has attracted much attention in recent years for its potential as a fre-
quency conversion material operating in the infrared. It has the highest nonlinear optical
coefficient of any known phase-matchable compound (236 pm/V). CdGeAs; has shown
promise for the second harmonic generation of a CO; laser to produce a tunable infrared
source for the mid-infrared wavelengths! which are potentially useful for the monitoring
of many atmospheric pollutants. Unfortunately, this material has suffered from several
problems that have limited its usefulness, although some success has been achieved.15-16
These drawbacks include a high background of p-type carriers from native acceptors and
residual impurities, and a large anisotropy in the coefficient of thermal expansion. This

latter property has made it very difficult to grow large, crack-free crystals.

A range of 'acceptor activation energies have been reported for CdGeAs;. Fischer
et al..ll7 have reported values for E, ranging between 100 and 150 meV in undoped mate-
rial. Bairamov et al.!3 have studied both undoped as well as Cu- and Ga-doped material.
In their study, undoped samples indicated an intrinsic, or native, defect possibly related to
cadmium vacancies with an acceptor level around 150 t0160 meV. The Cu and Ga pro-
, duced acceptor levels about 120 to 130 meV above the valence band. The present study
indicates that both native levels and extrinsic impurities continue to play an important role ‘
in CdGeAs;.

The CdGeAs, samples studied at West Virginia University were grown at Sanders,
A Lockheed Martin Company (Nashua, NH). Both intentionally and unintentionally doped
samples were included in the study. Two different growth methods were employed, hori-
zontal gradient freeze (HGF) and travelling heater method (THM). Both techniques pro-
duced similar material. Temperature dependent Hall effect measurements were performed
at West Virginia University using a system similar to the typical Keithley Instruments Hall
effect set-up. Indium contacts were soldered to the samples in the standard Van der Pauw

geometry.

Since CdGeAs; is a highly anisotropic crystal, specially matched sets of samples
were fabricated from each boule for Hall analysis. Hall measurements performed on the
sample that had the c-axis perpendicular to the plane of the sample (c.) allowed measure-
ment of the carrier concentration, the mobility, and the resistivity along the a-axis. The
other sample had the c-axis in the plane of the sample, parallel to one edge (c;|), allowing
the resistivity of both the a- and c-axes to be determined directly. For each matched set,
the a-axis resistivities agreed reasonably well, with the worse case differing by a factor of
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two. It is reasonable to assume this variation is due primarily to carrier concentration
variations within a boule, and thus the resistivity ratio coupled with the a-axis mobility
determines the c-axis mobility, giving a complete set of electrical properties for each
direction in the crystal. In addition to the electrical data, infrared absorption measurements
were performed at room temperature from 2-20 pm using a Nicolet Magna-IR 550 FTIR

spectrometer.

Representative data from the temperature dependent Hall measurements made on
the ¢, samples of CdGeAs; are plotted in Figure 14. Hall effect measurements of this type
indicated p-type material in all but one case. Shown in Figure 14 are the carrier concentra-
tion and mobility measured for sample 49. The room temperature carrier concentration for
this particular sample was ~1 x 10" cm™ with the effect of carrier “freeze-out” easily seen.
The maximum hole mobility was seen to be ~225 cm?/V-sec occurring ~190 K. Also of
note, the Hall coefficient changes signs, from positive to negative, at about 350 K, indicat-
ing that intrinsic carrier concentration effects are becoming important near this tempera-
ture. The activation energy of the acceptors can be determined from the low-temperature
carrier concentration data, where the intrinsic electrons have not yet become important.
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Figure 14. Typical electrical properties of
cadmium germanium arsenide.
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The data were fit to the full charge balance equation, based on one acceptor level and a
fully ionized shallow donor with no assumptions about the relative concentrations of
impurities.19 Due to the large activation energy of the acceptors, complete ionization
would only occur at temperatures where conduction is dominated by intrinsic electrons.
With the constraint of incomplete ionization, the fitting procedure could only determine the
compensation of the material, i.e. the ratio of the number of donors to the number of
acceptors. Table II contains information on all of the samples that were measured,
including the compensation ratio and the activation energy of the acceptors.

Table II. Hall measurement results on selected CdGeAs, samples.

RT Carrier | Activation | Compen- p-to-n RT Absorption
Sample Dopant | Concentration Energy sation Transition Coefficient at
(10" cm™) (meV) Ratio Temp. (K) 5.75um (cm™)
29 Cr 0.21 141 0.71 377 1.1
30 Ag 0.20 131 0.77 417 1.9
31 Undoped 1.8 110 0.26 -- 11.0
34 Se -8.8 <20 -- -- 0.9
37 “dark” | Undoped 3.1 109 0.25 -- 18.4
37 “light” | Undoped 0.089 125 0.95 329 1.8
49 Se 0.12 154 0.69 346 1.3
50 Undoped (a) 153 0.83 259 3.5
51 Te 0.2 164 0.50 336 0.4

(a) Not reliable due to proximity to Hall coefficient transition

If the extrinsic p-type doping is sufficiently low, or the sample is highly compen-
sated, intrinsic conduction effects become important. Ambipolar conduction effects can
result in the Hall coefficient changing from positive to negative since the electron mobility
in CdGeAs, is at least 10 times that of the hole mobility.2® The square of the mobility
ratio determines this effect, allowing the switch to occur while the electron concentration is
still one to two orders of magnitude less than the hole concentration. When this effect is
observed, the following equation relates the total concentrations of acceptor impurities (Na)
in the material to the carrier density:

N, = £
1
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where R is the compensation ratio listed in Table II, and the Fermi level, Ep, is determined
from the mobility ratio and effective masses through the standard formula for the intrinsic
carrier concentration.2! Since there is uncertainty in the material properties necessary for
this calculation, particularly in the band gap and the effective masses of holes and
electrons, the values of N, determined in this way must be viewed as approximate. Values
of N, are listed in Table III, determined when the transition in conductivity was observed.
These calculations have assumed!8 a ratio for the electron-to-hole mobility of 12, and
 effective masses based on the theoretical work of Borisenko ef al??

Four point resistivity measurements were performed on the ¢ sample from each
sample set, allowing the resistivity anisotropy to be directly measured. Representative
temperature-depéndent resistivity measurements (for sample set 49) are shown in Figure
15. The resistivity anisotropy is also summarized in Table II. If we assume that the a-axis
mobilities of the two matched samples are the same, which is reasonable since they were
cut from the same area in the boule, then the anisotropy in resistivity determines the mobil-
ity parallel to the c-axis. The highest a-axis p-type mobility directly measured in these
samples was ~260 cm?/V-sec, and the highest measured a-axis n-type mobility was ~1500
cm?/V-sec. For samples exhibiting type conversion, the n-type mobility had nof yet satu-
It should also be noted that the electrical-

contacts became blocking for the less conductive samples at lower temperatures, limiting

rated within the limits of our measurements.

the temperature range of the Hall measurements.

Table II1. Results of Hall measurements in CdGeAsz.

RTp a-axis c-axis N, Maximum Temperature
Sample Aniso- Mobility Mobility Estimate Mobility for Maximum
tropy (cm*V-sec) | (cm?*/V-sec) (ecm™) (cm?/V-sec) Mobility (K)
29 340 178 60520 3x10™ 245 170
30 14.7 210 3087 1x10" 245 170
31 2.7 140 378 - 146 250
34 4 910 3640 - 1500(p) 400
37 “dark” 3.6 124 446 >10"° 120 250
37 “light” 4 155 620 2x10" 210 185
49 40 165 6600 3x10™ 225 190
50 (a) (b) () 5x10" 150, 1500(p.) 185, 400
S1 2.2 149 328 1x10" 240 180

(a) Not measured (b) Not reliable due to proximity to Hall coefficient transition
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Early in this study it was recognized at Sanders that the infrared absorption varied
strongly from place to place within a given boule, occasionally with a sharp transition
zone. Two sample sets (labeled 37) were cut for Hall analysis on either side of one such
transition, one termed the “light” set due to its relative lack of absorption, and the other
termed the “dark” set for its higher level of absorption. Electrically, as well as optically,
the two sets were quite different. The “light” set was much less conductive due to a
mixture of higher compensation and lower N, with the measured acceptor energy level
somewhat larger that its “dark” counterpart, 125 vs. 109 meV. This trend in electrical
properties is consistent with the results of absorption coefficient measurements for the four
undoped sample sets, as indicated by the data in Table II. In order to better understand the
origin of this difference in electrical and optical properties, more must be known about the
impurities in the material. Seven of the nine sample sets investigated were pre-selected

based on optical absorption measurements.

Of particular interest are the high values for the c-axis mobility, with one reaching
above 60,000 cm?/V-sec. These are not artificial values, as the error involved in measuring
the a-axis resistivity ratio of these sets cannot account for the high mobilities. The ratio is
roughly constant over all temperatures investigated, even though each resistivity varied by
five orders of magnitude. These measurements have been repeated to further establish -
their validity. Work is underway to directly measure the c-axis mobility of material from
these boules by using a standard Hall bar geometry. |
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Samples that were intentionally doped were done so with the donor dopants sele-
nium and tellurium, the acceptor dopant silver, and chromium which is expected to be a
deep level. The Cr, Ag, Te and lightly Se-doped samples exhibited few differences. They
were all p-type with carrier densities of ~1-2 x 10" cm™ at room temperature, and they
appeared to be dominated by the background p-type doping. The doped samples had ac-
ceptor activation energies that ranged from 130 to 150 meV which were more likely due to
native defects and residual impurities than to intentional dopants. The only real distinction
between these samples was in the ratio of the c- and a-axis resistivities, which also may be
coincidental. This ratio ranged from ~2 for the Te-doped set to ~340 for the Cr doped
samples. The higher conductivity for the c-axis is related to the smaller effective mass,
and thus higher mobility, along this direction. The mobility is related to the scattering
lifetime as well as the effective mass. Any isotropic scattering process, such as ionized
impurity scattering, will tend to “homogenize” the mobility thereby lowering the anisot-
ropy. It is interesting that the samples with the larger resistivity anisotropy also had the

lowest estimated concentrations of background acceptors.

Sample set 34 was highly doped with Se, and was n-type at room temperature with
an electron density of ~9x10'® cm™ which did not change appreciably over the temperature
range measured, ~ 200 to 400 K. It proved difficult to make contacts with indium to the n- -
type samples that performed below ~220 K. The carrier concentration over this tempera-
ture range showed no evidence of carrier “freeze-out” resulting in an upper limit for the
donor activation energy of ~20 meV below the conduction band. It is likely that this sam-
~ple was highly compensated, assuming the sample had the same b